A B S T R A C T We have measured and characterized methylmalonyl coenzyme A (CoA) mutase activity in extracts of cultured human fibroblasts from 23 patients with inherited deficiency ofthe mutase apoenzyme and from eight obligate heterozygotes for this defect. The mutant cell lines fall into two categories. Those without detectable residual mutase activity in cell extracts (>0.1% of control), and whose ability to utilize propionate in intact cells is refractory to supplementation of the culture medium with hydroxocobalamin, are designated muto mutants. Those with detectable residual activity in cell extracts (-0.5-50% of control), and whose ability to utilize propionate in intact cells is markedly increased by hydroxocobalamin supplementation, are designated mut-mutants. The mutant enzyme in the mut-mutants exhibits a 50-to 5,000-fold elevated Michaelis constant (Km) for adenosylcobalamin in vitro, a normal Km for methylmalonyl CoA, and a strikingly reduced thermal stability at 450C relative to control. Mutase from one mutmutant turns over at a rate three to four times that of control enzyme when cells are grown in hydroxocobalamin-supplemented medium.
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To detect heterozygous carriers of mutant mut alleles, we compared mutase activity in fibroblast extracts from four controls with that from eight parents of either muto or mut-mutants. After cell growth in either unsupplemented or hydroxocobalamin-supplemented medium, activity in cell lines from heterozygotes was reduced to 47 or 37% of the mean control activities, respectively. We also examined the effect of adenosylcobalamin concentration on reaction kinetics of mutase from heterozygote cell lines. All four cell INTRODUCTION One of the five biochemically and genetically distinct mutant classes in the recessively inherited methylmalonic acidemias is characterized by an abnormal or absent methylmalonyl coenzyme A(CoA) mutase (EC 5.4.99.2) apoenzyme, the adenosylcobalamin (AdoCbl)1-dependent enzyme that catalyzes the rearrangement of L-methylmalonyl CoA to succinyl CoA (1) . Cultured human fibroblasts belonging to this mutant class metabolize cobalamin (Cbl) normally (2) (3) (4) , are severely deficient in mutase activity measured in crude extracts in vitro (3) , and constitute a distinct genetic complementation group, designated mut (5, 6) .
Previous studies with a limited number of cell lines belonging to this mutant class have established the existence of at least two distinct types of mut muta- ' Abbreviations used in this paper: AdoCbl, adenosylcobalamin; OH-Cbl, hydroxocobalamin; V,,,., maximum velocity.
tions. In one, mutase activity is undetectable in extracts of cultured fibroblasts, even when assayed in the presence of AdoCbl at concentrations greatly in excess of that normally required to saturate the enzyme (3, 7) . In the second, mutase activity is detectable but exhibits a markedly reduced affinity for AdoCbl (7) (8) (9) .
In the present report, we describe more extensive studies designed to elucidate the biochemical and genetic nature of the inherited defect in a large series of cell lines with a presumptive defect in the mutase apoenzyme. Assay of [1-14C] propionate utilization. Intact cells were assayed in situ as described (13) for their ability to incorporate '4C from [1-14C] propionate into trichloroacetic acidprecipitable material as a measure of the total pathway activity from propionate to succinate. This assay measures collectively several enzymes, including methylmalonyl CoA mutase. Assays were performed 2-5 d after a 1:4 cell split.
METHODS
Other procedures. Genetic complementation analyses (6), measurements of Cbl. coenzyme synthesis in intact cells in culture (6, 14) , thermostability studies (12) , and studies involving the protein inhibitor cycloheximide (15) were performed as described previously.
RESULTS
Classification of ntut mutants. The 23 mutant cell lines employed in these studies were originally designated apoenzyme mutants by assays of mutase activity in crude extracts of cells grown in basal medium. When assayed in the presence of normally saturating concentrations of AdoCbl (5.0-8.9 uM) (7, 16) (10) .
Each of the mutant lines was assigned to the mut complementation group by genetic complementation analysis (5) (6) (7) . The prototype used by Gravel et Cbl-supplemented medium. As an extension of our previous study to investigate the effect of Cbl supplementation in culture on mutase activity (10), mut cell lines were grown in medium supplementation with OH-Cbl at concentrations up to 1 ,ug/ml. As shown in Table I , two distinct patterns of response were observed, confirming previous results (7). 16 ofthe mutant lines were essentially refractory to Cbl supplementation after 2-5 d (Table I) . Several of these mutant lines were grown in Cbl-supplemented medium for longer periods of time; even after 30 d in medium containing 1 ,ug OH-Cbl/ml, no increase in propionate pathway activity was observed over that activity measured after growth in basal medium. As indicated in Table I , these unresponsive mutants have been designated muto.
On the other hand, seven of the 23 mut mutants examined were deficient in 14C fixation when grown (Fig. 1) . Mutase from each of mut-mutants, like control enzyme (12) , exhibited a Hill coefficient of 1 toward AdoCbl.2 The apparent maximum velocity (Vmax) of mutase in these mutlines were also abnormal, ranging from 7 to 725 pmol/ min per mg; by comparison, mutase from control fibroblasts exhibits a Vmax under these conditions of 1,053-1,827 pmol/min per mg (7, 18) . Mutase from the seventh mut-mutant examined (line 515, Table I ) exhibited complex kinetics ( Fig. 2A) (Table II, Fig. 3 ). When incubated at 45°C for 15 min in the presence of excess AdoCbl (6 ,uM-0.5 mM), extracts of three control lines exhibited as much mutase activity as did these extracts assayed before incubation (Table II) . Extracts of mutant lines 500 and 257, however, incubated at 45°C in the presence of 0.5 mM AdoCbl, retained 23 and <5%, respectively, of the initial mutase activity after 15 min (Table II) . When control and mutant extracts were incubated at 45°C for defined intervals without added AdoCbl, mutant apoenzyme from the 2 mut-mutants was significantly more labile than apoenzyme from three control lines (Fig. 3 ,uM), however, the mean activity in the eight mut .,. heterozygote lines was significantly (P < 0.001) relmM duced compared with the control mean, although there was extensive overlap between the two ranges (Table III) . After cell growth for 4 d in medium containing 1 ,ug OH-Cbl/ml, the endogenous holomutase activity in each cell line from a mut heterozygote increased markedly (Table III) . When compared with mutase activities in control cells grown in Cbl-supplemented medium, however, mutase activity in extracts of these lines was approximately half of normal (P < 0.001). Moreover, under Cbl-supplemented growth conditions, the control and heterozygote ranges did not overlap (Table III) .
Codominant expression of mut alleles. We examined the possibility that at least part of the mutase activity from some or all of the heterozygote cell lines might al (B) display abnormal kinetics with respect to cofactor. (Fig. 4B) , mutase from line 508 exhibited complex kinetics, similar to those of line 613. Cells from line 509, on the other hand, exhibited no component ofmutase activity with a K.m for AdoCbl different from control (Fig. 4B) .
We also investigated the thermostability of mutase activity at 45°C in four of the mut heterozygote cell of physical and kinetic parameters, indicates that the mut-defects-and, by extension, the entire mut complementation group-result from allelic mutations at th,e structural gene locus for the mutase apoenzyme.
On the nature of the defect in mut-mutants. At least two types of information indicate that mutmutants are characterized by a structurally abnormal mutase apoenzyme.4 First, the data in Figs. 1 and 2 suggest that the mutant enzyme in cell extracts from fibroblast cultures grown in basal medium retain maximally -1-50% of control activity and have Km for AdoCbl -50-to 5,000-fold greater than normal. And 4One mut-mutant cell line (line 589) was derived from a patient described by Kang et al. (19) , who suggested that this cell line was specifically deficient in the activity of methylmalonyl CoA racemase. Our findings do not support this claim; line 589 appears to express a mut-defect of the mutase apoenzyme. Unpublished experiments (Willard, H. F., A. Gertler, W. A. Fenton, and L. E. Rosenberg) have also provided evidence that line 589 has normal racemase activity, comparable to that detected in other mut mutants.
second, in at least two mut-mutants, the mutant apoenzyme appears to be significantly more thermolabile than control enzyme (Table II, Fig. 3 (Table III) . The detection of reduced activity in heterozygotes of both sexes indicates that the mut mutation is inherited in an autosomal fashion. A similar reduction in activity of mutase in extracts of leukocytes from mut heterozygotes has been reported by Narisawa et al. (20) . Second, a number of these mut heterozygote cell lines contain mutase which exhibits complex enzyme kinetics consistent with the expression of both a mutant and a normal allele (Fig. 4A, B) . And third, mutase in some of the mut-heterozygotes is more thermolabile than control enzyme, again implying the existence of mutase molecules with both normal and mutant properties.
Not unexpectedly, all four cell lines derived from parents ofmutr mutants exhibited evidence ofa mutant allele with an abnormal Km for AdoCbl (e.g., Fig. 4A) . Surprisingly, however, one of the four cell lines derived from parents of muto mutants also expressed a mutant allele with an apparently reduced affinity for cofactor (Fig. 4B ). This unexpected pedigree-a mut°l mut+ father (line 509) and a mutlmut+ mother (line 508) having a phenotypically muto child (line 507)-suggests that the patient from whom line 507 was derived is actually a muto/mut-genetic compound. At least two explanations could account for the complete deficiency of mutase activity (hence a muto phenotype) in line 507. First, the mut-allele inherited from the mother could be extremely labile, such that it could only be stabilized by the presence of a normal allele (mut+) directing the synthesis of normal mutase subunits. Because no normal allele exists in line 507, the mut-allele would not be detected. Second, the absence of activity might result if the heteropolymer formed between these particular muto and mutalleles was inactive.
Another example of a possible genetic compound is mut-mutant 515. At AdoCbl concentrations >7 ,uM, this mutant exhibits a Km for AdoCbl of39 ,M (Fig. 2B) , in good agreement with the Km originally reported for this cell line by Morrow et al. (9) . However, a kinetic analysis of mutase activity in this cell line at lower AdoCbl concentrations provided evidence for an additional component, with a Km on the order of 2 p.M (Fig. 2A) . The examination ofcell lines from the parents of this mut-mutant might be particularly informative in elucidating the precise basis for these complex kinetics; in the meantime, the data are most consistent with the expression of two distinct mut-alleles in cell line 515, one with -1,000-fold elevated Km for AdoCbl and one with -50-fold elevated Km. Thus, at least two of the mut mutants examined appear to have inherited aemonstrably different mutant alleles from each of their two parents.
